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Microstructure, soft magnetic properties, and applications of high resistive Fe-M-O~ 5Hf, Zr,
rare-earth metals! were studied. The Fe-M-O films are composed of bcc nanograins and amorphous
phases with larger amounts of M and O elements which chemically combine each other.
Consequently, the amorphous phases have high electrical resistivity. The compositional dependence
of magnetic properties, electrical resistivity, and structure have been almost clarified. For example,
the high magnetization of 1.3 T, high permeability of 1400 at 100 MHz and the high electrical
resistivity of 4.1mV m are simultaneously obtained for as-deposited Fe62Hf11O27 nanostructured
film fabricated by rf reactive sputtering in a static magnetic field. Furthermore, Co addition to
Fe-M-O films improves the frequency characteristics mainly by the increase in the crystalline
anisotropy of the nanograins. The Co44.3Fe19.1Hf14.5O22.1 film exhibits the quality factor (Q
5 m8/m9) of 61 and them8 of 170 at 100 MHz as well as the high Is of 1.1 T. This frequency
characteristics is considered to be superior to the other films already reported. The films also exhibit
high corrosion resistance in an isotonic sodium chloride solution. Therefore, these films enable us
to realize the high-frequency magnetic devices, such as thin-film inductors and transformers for


















































In recent years, rapid improvement and miniaturizat
have been in progress in electronic equipments. One of
key devices for miniaturization of small-sized electronic a
paratuses, such as the portable communication tools or
table audio systems, is the magnetic components. For
aim, micromagnetic devices using thin-film inductors
transformers operating at high frequency have b
proposed.1 On the other hand, the capacity of data stora
system for computers has been rapidly increased exceed
Gbit/in.2 using magnetoresistive reading heads. Such h
density recording requires high-frequency writing heads.
In order to realize those improvements in magnetic
vices and parts, soft magnetic films with excellent frequen
characteristics are strongly required as their core mater
Some studies have been tried to improve the frequency c
acteristics of soft magnetic films by multilayering, operati
in the direction of magnetic hard axis with magnetizati
rotating mode and the increase in electrical resistivity~r!2.
However, the film with sufficient frequency characteristi
has not been obtained. Since 1993 we have found
Fe55-82M7-22O10-34 ~M5Hf, Zr, rare-earth!
3–5 nanostructured
films exhibit the superior frequency characteristics to the s
magnetic films which have already reported. The Fe-M
films are composed of fine-grained bcc phases below 10
in size and amorphous phases with larger amounts of M
O elements. And then, we have been trying to improve
frequency characteristics. In the present paper, we desc
these results on the development of the films and their ap























Fe-M-O films with 2–3mm in thickness were deposite
onto indirectly water-cooled glass substrates by an rf reac
sputtering technique in a mixed atmosphere of pure ar
and oxygen. The deposition was performed in no magn
field or a static magnetic field to induce in-plane uniax
magnetic anisotropy. The composition of films was co
trolled with changing the number of pellets of M elemen
placed onto an pure-Fe or Fe-M alloy targets and by cha
ing the oxygen flow ratio. Unless otherwise stated, the fil
presented in this paper are sputtered in no magnetic fiel
Indirectly coupled rf plasma~ICP! atomic emission
spectrometry or electron probe microanalysis were p
formed to determine the Fe and M contents of the films. T
oxygen content was measured by inert-gas-fusion IR te
nique.
The films were subjected to annealing for 10.8 ks un
a uniaxial magnetic field~uniaxial field annealing, UFA! of
160 kA/m at various temperatures in an evacuated at
sphere below 1023 Pa.
The film structure was investigated by x-ray diffractom
etry using CoKa radiation and by field-emission-type 20
kV transmission electron microscopy~FE-TEM! combined
with nanobeam electron diffraction and energy dispers
x-ray spectroscopy~EDX! using a beam diameter of 1 nm
The corrosion resistance was investigated by measuring
change of the magnetization of the samples before and a
immersing in an isotonic sodium chloride solution.
Saturation magnetization (I s) was measured by a vibrat
ing sample magnetometer~VSM! under a magnetic field o
800 kA/m. Coercivity (Hc), magnetic anisotropy field (Hk),
and the angle dispersion of magnetic anisotropy~a90!




































nddetermined by a dcB-H loop tracer. An optical cantileve
method under an applied field of 4 kA/m was used for m
suring saturation magnetostriction~ls!. Permeability~m8,m9!
was measured by parallel line technique7 under an applied
field of 160 mA/m. Electrical resistivity~r! was measured by
a four-probe method. All the measurements were carried
at room temperature.
III. RESULTS AND DISCUSSION
A. Microstructure and electrical resistivity
We have already reported4 that the structure of as
deposited Fe46–88Hf2–22O7–41 films determined from x-ray
diffraction patterns is classified into four types, which co
sists of a single bcc phase, mixed bcc, and amorph
phases, a single amorphous phase, or oxide phases de
ing on the film composition. And soft magnetic properti
are obtained in the films which have a bcc and an amorph
mixed structure. Figure 1 shows the x-ray diffraction patte
of as-deposited Fe-M-O~M5Ti, Zr, Hf, V, Nb, Ta, W, rare-
earth metals! films. In M5Hf, Zr, and rare-earth system
which exhibit highr values, a broad peak originates fro
amorphous phase and a diffraction peak correspondin
bcc ~110! are observed. On the contrary to these results, o
the diffraction peaks corresponding to bcc phase are
served in M5Ti, V, Ta, Nb, W systems with larger amoun
of M than those of Zr, Hf, and rare-earth and there is no h
in the x-ray diffraction patterns. Moreover, the diffractio












angle of bcc~110! peaks shifts to lower angle side than th
of pure-bcc Fe, indicated with a dashed line in the figure
Figures 2~a! and 2~b! show high-resolution TEM~HR-
TEM! images, nanobeam electron diffraction patterns, a
EDX spectra for Fe55Hf11O34 and Fe49Hf16O35 films in the
as-deposited state, respectively. Ther values of both films
are also shown in the figure. The electron diffraction patte
and the EDX spectra were taken from the points indicated
the figure. Both films are consisted of very fine-grained cr
tals less than 10 nm in diameter, which were surrounded
the amorphous phase. The grains with diameter less tha
nm in size are smaller and the region of amorphous ph
becomes larger for Fe49Hf16O35 film than those for the
Fe55Hf11O34 film. These crystals are identified as bcc-F
phase containing supersaturated Hf~and O! atoms from the
nanobeam electron diffraction pattern and the EDX spectr
of the crystal~region 1!. Ther value increases from 10.5 u
to 492.4mV m with increase in the amorphous region of t
film.
Figure 3 shows the XPS spectra of Fe 2p3/2, Hf 4f7/2,
Y 3d5/2, and Ta 4f7/2 for as-deposited Fe55Hf11O34,
Fe68Y22O10, and Fe55Ta18O27 films. Each spectrum is indi-
cated with filled triangle in the figure. In all systems, th
binding energy of Fe 2p3/2 agrees with that of pure Fe.
the contrary, the binding energies of Hf 4f7/2 and Y 3d5/2
are close to those of HfO2 and Y2O3, respectively. Therefore
O preferentially combines with Hf and Y in the Fe55Hf11O34
FIG. 2. High-resolution TEM images, electron diffraction patterns, a
EDX spectra taken from each microregion for as-deposited~a! Fe55Hf11O34

































co-and Fe68Y22O10 films which consist of bcc phase and amo
phous phase, as shown in the Figs. 1 and 2. Then, th
elements are mainly contained in the amorphous phase
they probably form M-oxide like structure. On the contra
for Fe55Ta18O27 film which consists of mostly single bc
phase, the binding energy of Ta 4f7/2 is close to that of
metallic Ta and there is no chemical binding between Ta
O elements. They are presumed to be supersaturated int
bcc phase, which results in the diffraction peak shift of b
~110! as shown in Fig. 1. As a result, it is considered that
rapid increase inr results from the high resistive amorpho
region for Fe-~Hf, Zr, rare-earth metals!-O films where M
and O elements chemically combine.
B. Magnetic properties and applications
The compositional dependence of saturation magnet
tion (I s) and coercivity (Hc) of as-deposited Fe-Hf-O films
sputtered under no field are shown in Fig. 4. The symbol
the figure indicate film structure which was described befo
Empty circles and solid circles indicate the single bcc ph
and the single amorphous phase, respectively. Double cir
indicate the oxide phase, and half solid circles represent
mixed phase of bcc and amorphous phase. TheI s has a ten-
dency to decrease with increases in Hf and O contents
has a ridge around the Hf content of 10–15 at %. TheHc
decreases with increases in Hf and O contents and h
valley around the same Hf content with the ridge ofI s .
Therefore, the ridge ofI s approximately agrees with the va
ley of Hc , and there is a region in whichI s above 1.0 T and
Hc below 160 A/m are simultaneously obtained. In this
gion, the real part of initial permeability~m8! exhibits about
FIG. 3. XPS spectra for as-deposited Fe55Hf11O34, Fe68Y22O10 and

















400 even in an as-deposited state,4 and film structure is com-
posed of fine bcc phase and amorphous phase~shaded!.
Figure 5 shows the temperature dependence ofI s for
as-deposited Fe-Hf-O films compared with a Fe-Hf am
phous alloy film. The Fe-Hf-O films which have the mixe
structure of bcc and amorphous phase exhibit two-stage c
tallization behavior.4 The arrows put in the figure indicat
the first crystallization temperature corresponding to
grain grows of bcc phases, which were measured by a
ferential scanning calorimeter. TheI s of both films decrease
as a function of temperature with bending points in t
course of changes, at 500 and 750 K for the Fe49Hf16O35 and
the Fe55Hf11O34 film, respectively. An amorphous Fe76Hf24
film has a low Curie temperature (Tc) below room tempera-
ture owing to the Inver effect.8 For a Fe49Hf16O35 film, the
bending point is considered to be resulted from theTc of
amorphous phase not from crystallization, because that t
perature is lower than that of first crystallization. While, it
difficult to conclude obviously that the bending point is a
tributed to theTc of amorphous phase for a Fe55Hf11O34 film,
because the temperature of the bending point is close to
FIG. 5. Temperature dependence of saturation magnetizationI s for as-
deposited Fe76Hf24, Fe55Hf11O34 and Fe49Hf16O35 film. The arrows indicate
the first crystallization temperatures of Fe-Hf-O films.
FIG. 4. Compositional dependences of saturation magnetization Is and





















































hefirst crystallization temperature. However, there is no be
ing point below that temperature, and theTc of amorphous
phase for the Fe55Hf11O34 film can be regarded as higher tha
700 K. As a consequence, theTc of amorphous phase includ
ing Fe and Hf increases by an addition of O in Fe-Hf
films. Moreover, theTc of amorphous phase for Fe-Hf-O
films increased after annealing.5 The magnetic properties,r
values for as-deposited Fe-M-O~M5group IV A, V A ele-
ments and rare-earth metals! films are shown in Table I to-
gether with their film structure judged from the x-ray diffra
tion patterns and HR-TEM images. The film composition a
equal to that of the films shown in Fig. 1. In all systems,I s
above 0.9 T and highr values above 4mV m are simulta-
neously obtained. The values of saturation magnetostric
~ls! were 0.1–2.9310
26.5 Relatively lowHc below 400 A/m
is obtained in M5Hf, Zr, rare-earth metals systems, whic
have mixed structure of fine-grained bcc phases and am
phous phases.
In M5Ti, V, Ta, W systems, amorphous phases w
not observed as shown in Fig. 1,Hc is relatively large and
sufficient soft magnetic properties are not obtained. The
fore, to form the mixed structure composed of the fin
grained bcc phases and the amorphous phases is requir
obtain the magnetic softness in an as-deposited state.
soft magnetic properties in as-deposited Fe-~Hf, Zr, rare-
earth metals!-O films are probably resulted from the nano
cale grain size and the intergrain ferromagnetic coupl
through the high–Tc amorphous phase as shown in Fig.
which averages out the magnetocrystalline anisotropy
bcc-Fe phase.9 Moreover, it is possible to obtain the so
magnetic properties even in the films including rare-ea
elements, which have a large magnetocrystalline anisotr
and usually inhibit soft magnetic properties, by weaken
magnetic interaction between Fe and rare-earth elem
which preferentially combine with O.
The soft magnetic properties of Fe-~Hf, Zr, rare-earth
metals!-O films are improved by sputtering under an uniax
magnetic field, or UFA treatment after deposition under
magnetic field. Furthermore, we tried to improve the f
quency characteristics by enhancement of the uniaxial
isotropy (Hk) with addition of Co into the Fe-M-O films
Figure 6 shows theI -H curve for an as-deposite
Co44.3Fe19.1Hf14.5O22.1 film compared with that of an
TABLE I. Magnetic properties, electrical resistivity~r!, and film structure






Fe56Ti15O29 1.2 1040 6.4 bcc
Fe65Zr9O26 1.3 211 6.6 amo.1bcc
Fe55Hf11O34 1.2 154 9.1 amo.1bcc
Fe59V15O26 1.2 ••• 5.6 bcc
Fe64Nb12O24 1.3 168 4.1 amo.1bcc
Fe64Ta13O23 1.3 658 4.7 bcc
Fe67W13O20 1.3 ••• 8.3 bcc
Fe68Y22O10 0.9 207 22.6 amo.1bcc
Fe75Ce15O10 1.2 116 5.9 amo.1bcc
Fe81Nd10O9 1.4 286 5.2 amo.1bcc





















Fe61Hf13O26 ternary alloy film. The former was deposite
under a static magnetic field, the latter was UFA treated a
deposition under no magnetic field. TheHk value of 1.15
kA/m for the Fe61Hf13O26 film is largest in the all Fe-Hf-O
films, however theHk of the Co44.3Fe19.1Hf14.5O22.1 film ex-
hibits 4.8 kA/m which is approximately four times large
than that of the Fe61Hf13O26 film. This film shows the high Is
of 1.1 T and highr value of 15.1mV m simultaneously, and
moreover, the angle dispersion of magnetic anisotropy
comes small. Therefore, excellent frequency characteris
are expected for the Co44.3Fe19.1Hf14.5O22.1 film owing to its
significantly highr and largeHk values.
Figure 7 shows the frequency dependence of them, and
quality factor ~Q5m8/m9! of Fe-Hf-O films and a
Co-Fe-Hf-O film fabricated by various methods, compar
with other metallic soft magnetic alloy films which have ev
been developed. TheQ value is more important factor from
a view point of applications. Actually, the conventional so
magnetic films exhibit high permeability at 1 MHz, in pa
ticular, approximately 10 000 is obtained for nanocrystalli
soft magnetic films such as Fe-Si-Al-Hf-C film.10 However,
m8 decreases as a function of frequency because of their
r values. On the other hand, them8 of Fe-Hf-O films is lower
than that of conventional films up to around 30 MHz, wh
in the frequency range higher than that, Fe-Hf-O films e
hibit higher and flatm8 characteristics over 100 MHz as
results of their highr values and moderate magnetic anis
ropy field (Hk). The Fe62Hf17O27 film shows theI s of 1.3 T
and highm8 value of 1400 at 100 MHz in an as-deposite
state. Moreover, theQ values are also higher than that
conventional films. The highestQ value of 61 at 100 MHz is
obtained for the Co44.3Fe19.1Hf14.5O22.1 film. Needless to say
these films have higherQ values than other metallic films
even in low-frequency range. In the other M systems, sim
frequency characteristics are observed, so that the Fe-M
films and the Co-Fe-Hf-O film are considered to be low lo
soft magnetic films in a wide frequency range from MHz
around GHz. In the figure, typical application items of t
FIG. 6. Magnetization curves for an as-deposited Co44.3Fe19.2Hf14.5O22.1 film




















































ari-Fe-M-O films and the Co-Fe-Hf-O film for each frequen
range are also shown. In the frequency range around
MHz, we suppose the thin-film inductors or transformers
micro switching converters11 for portable electric equip-
ments. The microswitching dc-dc converters using Co-ba
amorphous alloy film as the core material of thin-film indu
tor have already been reported,12,13 however, they will be
operated at higher frequency for further miniaturization a
improvement of power supplies. For such high-frequen
switching converters operating around 10 MHz, the Fe-M
films exhibit their ability as a core material.
Above those frequencies up to 100 MHz, Fe-M-O film
are useful for magnetic heads for ultrahigh-density record
exceeding 1 Gbit/in2. High Bs soft magnetic films such a
Fe-Al-N14 are studied for high-density recording heads, ho
ever, the high-frequency characteristics around 100 M
must be required.
In the further high-frequency range around GHz no
filters, thin-film transformers15 or other micromagnetic de
vices dealing electromagnetic waves will be proposed.
From a view point of application, high corrosion resi
tance is required to these films. We evaluated the corro
FIG. 7. Frequency dependence of the real part of initial permeabilitym8 and
the quality factorQ~5m8/m9! for an Fe62Hf11O27 film ~as-deposited!,
Fe61Hf13O26 film ~UFA! at 673 K for 10.8 ks, and Co44.3Fe19.1Hf14.3O22.1film
~as-deposited! compared with the other soft magnetic films have ever b











resistance of Fe-Hf-O films by immersing in the isoton
sodium chloride~NaCl! solution. Figure 8 shows the change
in the mass of as-deposited Fe-Hf-O films evaluated from
magnetization as a function of immersing time in NaCl s
lution. The values of magnetization~emu! during the test are
normalized by the value before immersing~t50!. In the fig-
ure, the film~a! has mixed structure consist of fine-graine
bcc phase and amorphous phase, as shown in Fig. 2. The
structure of~b! and~c! are single bcc and amorphous phas
respectively. These structure were judged from x-ray diffr
tion patterns. There is no decrease in mass of the Fe-H
film ~a! after immersing for 150 h followed by a slight de
crease after immersing for 300 h, and it exhibits high cor
sion resistance in NaCl solution. On the contrary, the mas
Fe-Hf-O films ~b! and ~c! rapidly decrease, as film surface
are covered with much rust. The high corrosion resistanc
the Fe-Hf-O film@film ~a!# is presumed to be correspondin
to the high electrical resistive amorphous phase in which
and O elements chemically combine each other, and the
phase in which Hf and O elements are supersaturated. A
for the Co-Fe-Hf-O films, similar high corrosion resistan
was observed. However, the details of the reason of th
results have not been clarified in this study.
For an example of the applications, Figures 9~a! and 9~b!
show a schematic illustration of a planar inductor for mic
switching converters and the frequency dependence
Q(5vL/R) values of a planer Cu coil using each magne
films, respectively. The inductor is made up of a planar c
sandwiched with two magnetic films faced each other
shown in Fig. 9~a!. In the case of the inductor, we use th
one side of Cu coil as a conductor. As can be seen in
9~b!, a inductor using Fe-Hf-O film shows a maximum. Th
Q value of 12.3 at 6 MHz and extremely high value of 21
at 20 MHz is obtained for a inductor using Co-Fe-Hf-O film
Therefore, these planar inductors using the Fe-Hf-O and
Fe-Hf-O films enables higher frequency operating and hig
efficiency than the inductor using Co-Ta-Hf films for th
n
FIG. 8. Change in magnetization for as-deposited Fe-Hf-O films with v






























microswitching converters owing to the low loss charact
istics of the magnetic films.
IV. CONCLUSIONS
The microstructure, the soft magnetic properties, and
applications of Fe-M-O~M5Hf, Zr, rare-earth metals! were
described focusing on Fe-Hf-O and Co added films. The
sults obtained can be summarized as follows:
~1! The soft magnetic properties,I s exceeding 0.9 T and
Hc below 400 A/m, and highr values above 4mV m are
simultaneously obtained in as-deposited state. The struc
of these films are composed of fine-grained bcc phases b
10 nm in diameter and amorphous phases in which la
amounts of M and O elements are included. O preferenti
combines with M elements mainly in the amorphous phas
These films exhibit high corrosion resistance after immers
in NaCl solution for 300 h.
FIG. 9. Schematic illustration of planar inductor~a! and frequency depen
dence of quality factorQ(5vL/R) of the inductor using Fe-Hf-O,










~2! By sputtering under an uniaxial magnetic field,I s of
1.3 T and flat initialm8 of 1400 up to 100 MHz are obtaine
for a Fe62Hf11O27 film in as-deposited state. By the additio
of Co, the flatm8 of 170 up to 1 GHz and the highestQ of 61
at 100 MHz are obtained.
~3! The application of the Fe-M-O films and th
Co-Fe-Hf-O film to magnetic devices are supposed depe
ing on the operating frequency range as follows: 1–10 MH
thin-film inductors and transformers for microswitching co
verters, 10–100 MHz: ultrahigh-density recording hea
above 100 MHz: noise filters, other electromagnetic devic
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